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HIGH SPEED LARGE AREA NANOIMAGING USING PROBE ARRAYS
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Statement of the problem studied

The goal of the research was to demonstrate a revolutionary advancement in nanometer-scale
imaging, using an array of atomic force microscope cantilever tips to image an area of
unprecedented size. The key technical challenge in large are nanoimaging is to develop scalable
cantilever arrays where each cantilever can be independently actuated and sensed.

Summary of the most important results

For this project we developed an array of atomic force microscope cantilevers that were then
integrated into a commercial scanning probe microscope system and used to scan a surface. This
represents the first time that a cantilever array was used in a commercial scanning probe system
for parallel nanometrology. To the best of our knowledge, this is the first ever demonstration of
parallel nanometrology with a cantilever array. Our approach for doing so is high scalable, and
could be scaled to the meter scale with a sufficiently large microcantilever array. The cantilevers
in our array can each be individually addressed for either contact mode scanning or “tapping”
mode noncontact scanning. The ability to individually address the cantilevers is the key
requirement for scaling the cantilever array. Two journal articles follow that resulted from this
project, which contain many details of the technical results from this project.
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Topography imaging with a heated atomic force microscope cantilever

in tapping mode
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This article describes tapping mode atomic force microscopy (AFM) using a heated AFM cantilever.
The electrical and thermal responses of the cantilever were investigated while the cantilever
oscillated in free space or was in intermittent contact with a surface. The cantilever oscillates at its
mechanical resonant frequency, 70.36 kHz, which is much faster than its thermal time constant of
300 us, and so the cantilever operates in thermal steady state. The thermal impedance between the
cantilever heater and the sample was measured through the cantilever temperature signal.
Topographical imaging was performed on silicon calibration gratings of height 20 and 100 nm. The
obtained topography sensitivity is as high as 200 uV/nm and the resolution is as good as
0.5 nm/Hz!?, depending on the cantilever power. The cantilever heating power ranges 0-7 mW,
which corresponds to a temperature range of 25-700 °C. The imaging was performed entirely using
the cantilever thermal signal and no laser or other optics was required. As in conventional AFM, the
tapping mode operation demonstrated here can suppress imaging artifacts and enable imaging of

soft samples. © 2007 American Institute of Physics. [DOI: 10.1063/1.2721422]

I. INTRODUCTION

The atomic force microscopel (AFM) has emerged as
perhaps the most widely used tool for sensing nanometer-
scale surface features. In the most common AFM configura-
tion, the features of a surface can be measured through the
cantilever position, which is detected by a laser reflected
from the cantilever. However, laser-deflection based AFM is
not feasible in every situation, for example when large arrays
of cantilevers are to be operated in parallel or when the
system does not permit optical access. In these situations,
alternative approaches to monitor the cantilever position are
required.

One alternative to monitor the cantilever position is to
measure heat flow from the probe. The first report of local
probes that exploit heat flow to sense topography was
performed with a profilometer tip affixed with a thermo-
couple.2 The thermocouple temperature signal indicated the
amount of heat flow between the tip and the surface, which
was modulated by the distance between the tip and the
sample. The thermal signal could thus be used as a feed-
back signal for measuring topography. The same sensing
strategy was possible with silicon cantilevers that had solid-
state heater-thermometers:” in the case of the silicon probe,
the temperature sensor was a thermistor rather than a
thermocouple. Silicon AFM cantilevers with integrated
heaters were originally developed for data storage,3_6 but
have also been used for nanometer-scale thermophysical

theoretical*'® and experimental17 studies showed that heated
AFM cantilevers can be used for imaging nanometer-scale
surface topography with sensitivity that greatly exceeds that
of the piezoresistive cantilever. The thermally sensed topog-
raphy was also suggested by Lee and Gianchandani'® with a
different type of scanning thermal probe. However, these
previous studies have been strictly limited to contact-mode
operation and no published report has described the use of
the heated cantilever in tapping-mode operation. As in con-
ventional tapping-mode AFM,"?! the use of a heated canti-
lever in tapping mode would allow precise topographic im-
aging of soft samples while suppressing imaging artifacts.

This article explores the resolution and sensitivity of
heated AFM cantilevers used in tapping mode imaging. The
cantilever electrical and thermal characteristics are moni-
tored when the cantilever oscillates either in free space or in
intermittent contact with a surface. The cantilever electrical
signal is compared to the laser-deflection signal. Several im-
portant issues are highlighted regarding cantilever design and
operation for tapping mode imaging.

Il. EXPERIMENT

The experiment used heated microcantilevers made from
a silicon-on-insulator wafer.*** Figure 1 shows the scanning
electron microscope (SEM) image of the cantilever used in
the experiment. The cantilever is u-shaped, having the heater
integrated at the free end. The tip is fabricated at the center

measurements’ and manufacturing 10-14 Recent . . . .
: of the heater region with the height of around 500 nm and tip
radius of 20-50 nm. The cantilever thickness is around
“Electronic mail: wpk@uiuc.edu 1 um. The heater region is highly resistive region of 8§ um
0034-6748/2007/78(4)/043709/7/$23.00 78, 043709-1 © 2007 American Institute of Physics
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FIG. 1. SEM image of the cantilever with integrated heater used in the
experiment. The cantilever is made of single crystal silicon, with high phos-
phorus doping in the leg region and low phosphorus doping in heater region.

X 16 um that is realized with light phosphorus doping of
around 10'7 cm™3. When the electrical current flows through
the cantilever, the heater region dissipates more than 90% of
the electrical power, resulting in temperature rise over 1000
K.* The leg region, whose length and width are, respec-
tively, 150 and 15 um, is heavily phosphorus doped to
around 10%° cm™ for electrical leads. The anchor that con-
nects the base silicon and the cantilever creates the buffer
zone that mitigates any inconsistency of the backside etching
process and allows for improved laser access when mounted
on a commercial AFM system.

The concept of topography mapping using the cantilever
thermal signal has been explained previously17 and is briefly
summarized here. When the heated cantilever is operated
near a surface, most of the generated heat flows into the
substrate. About half of the heat flows directly across the air
gap, while the remainder flows into the cantilever legs, al-
though most of the heat that flows into the legs eventually
flows into the air and into the substrate. The heat flow from
the cantilever is a strong function of the air gap17

k ( 1 c)-l

keff_)\ )\+g , (1)
where k is the effective thermal conductivity of air bounded
by parallel surfaces; N\ is the mean free path of air, which is
approximately 70 nm; coefficient C is on the order of 1 and
can be estimated from rarefied gas dynamics for free mol-
ecule flow; and g is the cantilever-substrate gap. Equation (1)
shows that the heat transfer to the substrate is a function of
the air gap. As the heated cantilever scans over a substrate,
topographical feature of the substrate changes the vertical
displacement of the cantilever relative to the substrate, lead-
ing to the change of the cantilever heater temperature and,
correspondingly, the cantilever resistance. Thus, monitoring
the cantilever voltage whle the heated cantilever scans the
surface can provide the topographic image as the laser-
deflection measurement does in tapping mode.

Rev. Sci. Instrum. 78, 043709 (2007)

Laser Pgottodiode Oscillation
' elecror amplitude
AFM .
Controller

Piezo-control

Piezo-Scanner

Cantilever voltage

(a) Experimental Setup

VIN

(b) Wheatstone Bridge

FIG. 2. (a) The experimental setup for tapping mode topographical imaging
using a heated microcantilever. While oscillating the cantilever, the AFM
controller measures the laser deflection using a position-sensitive PSD. The
temperature-dependant voltage of the cantilever heater is measured simulta-
neously. (b) The use of Wheatstone bridge enhances the sensitivity of the
cantilever voltage measurement. The cantilever voltage change can be ob-
tained with AV =V,— V5.

The experiment was performed in a commercial AFM
platform (Asylum MFP-3D). Figure 2(a) illustrates the ex-
perimental setup of tapping mode topography using a heated
microcantilever. While the cantilever scanned over a sample
in tapping mode, the AFM controller provided a topographic
image of the sample by modulating the oscillation amplitude
of the cantilever measured with a position-sensitive photodi-
ode detector (PSD).""! At the same time, the cantilever was
operated in a Wheatstone bridge circuit, as shown in Fig.
2(b). When the electrical current flows through the bridge
circuit, the cantilever dissipates the electrical power and in-
creases the heater temperature. Since the cantilever resis-
tance is dependent upon the heater temperature, measuring
the voltage change between A and B, i.e., AV =V, —Vj, pro-
vides the relative change of the cantilever heater tempera-
ture. Measuring AV during the raster scanning can thus pro-
vide thermally sensed topography. In the experiment, 5 k)
noninductive resistors were used for the Wheatstone bridge.

lll. RESULTS AND DISCUSSION

Before operating the cantilever in tapping mode, the can-
tilever mechanical properties of the cantilever must be un-
derstood. Figure 3 shows the thermal noise spectrum of the

Downloaded 30 Apr 2007 to 130.126.32.13. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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FIG. 3. The mechanical characteristics of the cantilever when it is sus-
pended in quiescent air, without interacting with the substrate. The noise
density spectrum of the cantilever provides the fundamental mechanical
resonance frequency of the cantilever.

cantilever, which is the Fourier transformed laser-deflection
signal of the unheated, free-standing cantilever far from the
substrate. The random movement of air particles and their
collisions to the cantilever give rise to the random fluctuation
of the cantilever. As shown in the inset of Fig. 3, the funda-
mental resonance frequency can be obtained from the first
peak position at 70.36 kHz. The other peaks at higher fre-
quencies are due to higher oscillation modes or different os-
cillation patterns caused by the “U” shape of the cantilever.
Another important property is the inverse optical lever sen-
sitivity (InvOLS), which is a parameter that converts laser-
deflection signal to the oscillation amplitude. The InvOLS
can be obtained from a slope of laser-deflection signal
against the change of the z-direction piezoscanner when the
cantilever is in contact with the substrate. The InvOLS of the
cantilever used in the experiment was 330 nm/V. The driving
frequency for tapping mode was chosen as 69.5 kHz, close to
the resonance frequency.

Electrical characterization of the cantilever is also nec-
essary for the topography measurement. Figure 4(a) shows
the cantilever resistance as a function of the total input volt-
age when the cantilever is suspended in quiescent air, with-
out interacting with the substrate. The cantilever resistance
first increases with increasing input voltage because of the
decreasing electrical mobility of doped silicon with tempera-
ture. At 10 V input voltage, however, the cantilever resis-
tance begins to decrease because the thermally generated in-
trinsic carriers outnumber the background doped carriers.
This decreasing resistance is a characteristic of the thermal
runaway behavior, which is typically observed in doped sili-
con devices.” To see any thermal effect on the cantilever due
to its oscillation, the cantilever was characterized when it
was in oscillation with the frequency of 69.5 kHz and com-
pared with the characterization result when the cantilever
was steady: the two cases are nearly identical. Figure 4(b)
provides more details of the cantilever oscillation effect on
the cantilever thermal behavior by showing the cantilever
voltage spectrum measured with a spectrum analyzer. As
shown in the inset of Fig. 4(b), there exists a peak in the
cantilever voltage spectrum at the driving frequency, indicat-

Rev. Sci. Instrum. 78, 043709 (2007)
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FIG. 4. The effect of mechanical oscillation of the cantilever on the canti-
lever thermal response. (a) The cantilever resistance curves as a function of
the input voltage when it is suspended in steady and in oscillation. The
cantilever resistance nonlinearly increases with the increase of the total in-
put voltage. The dc cantilever thermal response is nearly the same for the
case of cantilever oscillation held steady. (b) Due to the cantilever oscilla-
tion, the spectrum of the cantilever voltage shows a peak at the dithering
frequency at 69.5 kHz. This peak is, however, less than 0.01% of the total
cantilever voltage.

ing that the cantilever voltage oscillates due to the mechani-
cal oscillation of the cantilever. The peak value of
140 wV-rms at zero input voltage suggests that a part of the
peak signal is attributed to the noise pickup from the dither-
ing piezoactuator. As the input voltage increases, the peak
value increases in a very similar manner to the direct current
(dc) cantilever voltage in Fig. 3(a), implying that the canti-
lever is thermally affected by the cantilever oscillation. How-
ever, this thermal effect of the cantilever oscillation can be
ignored because the peak value is negligibly small compared
to the dc cantilever voltage.

Such a negligible oscillation effect on the cantilever ther-
mal behavior can be explained with two reasons. The first
reason is due to the fast cantilever oscillation with small
amplitude. During the measurement, the oscillation fre-
quency was 69.5 kHz, and the oscillation amplitude was 1.5
V in laser-deflection signal, or 495 nm from the InvOLS.
Even though the cantilever oscillation may agitate the sur-
rounding air and thus change the heat transfer rate to the air,
such small and fast oscillation will not have much effect on
the cantilever behavior. The second reason is because the
cantilever oscillates much faster than its thermal time con-
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FIG. 5. The effect of the substrate when approaching the heated cantilever
to a silicon substrate. (a) As the cantilever approaches the substrate, more
heat is transferred from the cantilever to the substrate. Thus, the dc charac-
teristic curves shifts to the higher cantilever power by the amount of in-
creased heat flow rate to the substrate. (b) The contour of the cantilever
voltage as a function of the cantilever resistance and cantilever oscillation
amplitude. The cantilever is fully engaged to the substrate when the canti-
lever amplitude decreases below 150 nm. From that point, the cantilever
voltage does not change with further decrease of the oscillation amplitude.

stant. Previous research clarified that the thermal time con-
stant of a heated cantilever having the same geometry as the
present work is in the order of 300 us, which corresponds to
3.3 kHz in frequency.24 This frequency is much lower than
the oscillation frequency of the cantilever, suggesting that the
cantilever does not have enough time to thermally respond to
the disturbance resulting from the cantilever oscillation.
Electrical characterization was performed when the can-
tilever was engaged to the substrate with different set points,
Vser- When the cantilever is operated in tapping mode, the
set point defines the oscillation amplitude of the cantilever: a
larger set point provides larger oscillation amplitude. Figure
5(a) shows the cantilever resistance curves as a function of
the power dissipation of the cantilever. When compared to
the off-substrate operation, the resistance curve shifts to the
large cantilever power as the set point decreases. This shift is
because more heat is transferred to the substrate as the
cantilever-substrate gap is reduced. Finally, when the set
point becomes 0.3 V, the resistance curve does not shift any
more as the cantilever tip overcomes the air-damping and

Rev. Sci. Instrum. 78, 043709 (2007)

touches the substrate: true engagement occurs. Figure 5(b)
shows the cantilever voltage change relative to that of the
off-substrate characterization in Fig. 5(a), for various canti-
lever resistances and oscillation amplitudes. It should be
noted that the cantilever oscillation amplitude is obtained
from the set point and InvOLS. From the horizontal profile in
the top plot, it is clear that the cantilever voltage becomes
saturated as the oscillation amplitude decreases below
around 150 nm, or 0.4 V in set point. Thus, monitoring the
cantilever voltage can provide the true engagement point
without relying on the laser metrology. The vertical profile at
the right plot shows the cantilever voltage as a function of
the cantilever resistance for several fixed oscillation ampli-
tudes. As expected, the cantilever voltage increases with in-
creasing cantilever resistance, but the increasing pattern is
not linear.

Once the heated cantilever is fully engaged to the sub-
strate, the topographic image of the sample can be obtained
by monitoring the z-direction piezoscanner that moves to
maintain a tapping amplitude, and also by monitoring the
cantilever voltage, AV, that varies due to the relative change
of the cantilever-substrate gap. It should be noted that even
though the cantilever tip taps the substrate in oscillation, the
cantilever is in thermally steady state, not sensing the oscil-
lation, due to its large thermal time constant. Thus, regard-
less of the operation mode, simply measuring AV during
raster scanning enables the topographic imaging. As a proof
of concept demonstration, Figs. 6(a) and 6(b), respectively,
show the laser-deflection based topographic image and the
thermally sensed topographic image of the standard silicon
gratings of 100 nm height. While in tapping mode with the
set point of 0.3 V, the total input voltage was maintained with
9 V that corresponded to the cantilever resistance of 2.07 kQ)
and the cantilever power of 3.35 mW. Qualitatively, the ther-
mally sensed topographic image is almost the same as the
laser-deflection based image except that the thermally sensed
topographic image has a little bit bigger noise, which will be
discussed in the following paragraph. Quantitatively, the can-
tilever voltage changes from -4 to 6 mV while the grating
height changes from -40 to 60 nm, yielding the sensitivity of
100 wV/nm when the sensitivity is defined as'®

AV,
g lavd
Az

where S is the sensitivity and Az is the vertical displacement
of the cantilever tip. The estimated sensitivity of 100 ©V/nm
is at least one order of magnitude better than that of the
piezoresistive cantilever.'>**® Moreover, when compared to
the thermal topographic imaging in contact mode,'’ Fig. 6(b)
does not have artificial peaks at the edge of the gratings that
were observed in contact mode images. Through the experi-
ment, we believe that these artificial peaks in contact mode
are because the other part of the cantilever besides the tip
undesirably touches the grating edge due to the contact force
and corresponding deformation of the cantilever and can be
prevented in tapping mode operation.

Since the thermally sensed topography is based on the
cantilever resistance change, the quality of topographic im-
aging depends on the temperature coefficient of resistance

2)
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FIG. 6. (a) The laser-deflection based topography and (b) the thermally sensed topography of the 100 nm high Si gratings under the tapping mode. The total
input voltage was 9 V. The thermally sensed topography was achieved by monitoring the cantilever voltage signal during scanning.

(TCR) of the cantilever. Figure 7(a) shows the cantilever
resistance and qualitative change of topographical images for
different input voltages when the set point is 0.3 V. It should
be noted that only representative topographic images are
shown in the figure although the experiment was performed
at many input voltages. Apparently, the nonlinear TCR yields
different images for the same gratings. At low power dissi-
pation up to 2.5 mW (i.e., Vix=8V), obtained images do not
represent the true geometry as the TCR is not big enough for
good topography. Good images can be obtained only when
the slope is greater than 0.6X 10° /W, which is shown
with the line in Fig. 7(a). Thus, there exists an optimum
cantilever operation range for a good thermal topography:
for the heated cantilever used in the present study, the opera-
tion range is 4 mW <P-<6.5mW or 9.5 V<V <11.5V.
If the cantilever is operated above the thermal runaway
point, its negative resistance slope gives rise to the inversed
topography.

For the evaluation of the thermally topographic imaging
methodology, Fig. 7(b) shows the sensitivity and resolution
obtained from topographic images of 100 and 20 nm tall
gratings. As expressed in Eq. (2), the sensitivity is defined as
the step change in cantilever voltage for 1 nm vertical dis-
placement of the cantilever. The resolution means the small-
est step change that could be measured in a given integration
time, and thus can be calculated as the noise divided by the
sensitivity.16 In contact mode, the noise is the combination of
thermal noise and Johnson noise under the assumption that
there is no artifact in the signal.15 However, the dominant
noise in tapping mode comes from the peak at the tapping
frequency, as shown in Fig. 4(b). To estimate the noise, the
power spectral density of the peak at the tapping frequency

was measured with a spectrum analyzer when the cantilever
was engaged to the substrate. At lower input voltages, poor
quality of topography is manifested with low sensitivity and
bad resolution. As the input voltage increases, however, the
sensitivity becomes better and finally saturated with around
200 wV/nm when the cantilever is operated above 10 V,
which is consistent with the optimum operation range dis-
cussed earlier. This sensitivity curve shows a similar trend
with the previous numerical study,16 except the simulated
sensitivity has a sharp dip where the cantilever resistance
becomes maximal. Comparison with Fig. 7(a) suggests that
there should be a dip between 11 and 12 V: it is technically
not easy to observe the dip in experiment. The resolution
also improves as the input voltage increases, realizing the
subnanometer resolution. However, the overall resolution is
one order of magnitude worse than the simulation results
performed in contact mode,'® as the peak noise at the tapping
frequency is much larger than the thermally induced intrinsic
noises.

The obtained experimental results reveal several impor-
tant issues that should be considered when designing a
heated cantilever as a tapping mode thermally-sensed topo-
graphic imaging tool. The first issue is the cantilever heater
size. As mentioned earlier, the thermally-sensed topography
can be realized by the heat transfer to the substrate and its
sensitive change with the vertical displacement of the canti-
lever. Provided that over 90% of the cantilever power is dis-
sipated in the heater,” the heater size has a dominant effect
on the topographic imaging. If a feature size to be scanned is
larger than the heater, the thermally-sensed topography will
not be possible because the heater-substrate will not change.
The cantilever tip height should be also carefully designed
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FIG. 7. The sensitivity and resolution of thermally sensed topography. (a)
The cantilever resistance curve when the cantilever is engaged with the set
point of 0.3 V. For lower cantilever power, the topographic image is dis-
torted due to the poor sensitivity. Good images can be obtained at the high
TCR region. When the cantilever is operated over the thermal runaway
point, the topographic image is inversed due to the negative TCR. (b) The
estimated sensitivity and resolution of the thermal topography metrology are
obtained by scanning two Si gratings. The sensitivity can be as high as
200 «V/nm while the resolution is lower than 1 mm/ \Hz

and fabricated. If the tip is too high, the sensitivity would not
be good.16 However, if the cantilever tip height is too small,
the cantilever-substrate heat transfer might enter the ballistic
regime, in which the heat transfer rate is no more dependent
upon the gap width:?’ topographic imaging could not be ther-
mally obtained. The third issue to be considered is the ther-
mal time constant of the cantilever. The successful
thermally-sensed topography in the present study is attrib-
uted to the fact that the thermal time constant of the cantile-
ver is larger than the inverse of the resonance frequency.
Otherwise, the cantilever voltage would oscillate following
the mechanical oscillation during scanning, complicating the
accurate topography in tapping mode. The last issue is the
doping level of the heater region. While the large input volt-
age enhances the sensitivity, it also drastically increases the
heater temperature and may damage the sample that is vul-
nerable to heat. This undesirable heating can be prevented by
lowering the doping level of the heater region, as the lower
doping concentration yields higher resistance slope and thus
enhances the sensitivity at lower temperature.16 However, the
resolution will become worse due to its high intrinsic noise.
It should be noted that all the design parameters discussed
here are strongly coupled together. Their crosstalk compli-

Rev. Sci. Instrum. 78, 043709 (2007)

cates the optimum design of the heated cantilever for a ther-
mal topographic tool, and we suggest that this is an impor-
tant future study.

IV. SUMMARY

This work demonstrates thermally-sensed topographical
imaging with a heated cantilever in tapping mode. The
sensitivity is as high as 200 uV/nm and the resolution
is as good as 0.5 nm/Hz'"?, which are comparable to or
better than other approaches. By characterizing the cantilever
engaged to the substrate with different set points, we
showed that the true engagement point can be thermally
determined without the aid of the optics. Thus, the thermally-
sensed AFM can be completely realized from the engage-
ment to the topographic imaging. Since the thermally-sensed
imaging technique eliminates the need for optical monitoring
of the cantilever, the obtained results in the present study
will enable the parallel displacement monitoring of cantile-
ver arrays and even the development of portable AFM
systems.
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Improved All-Silicon Microcantilever Heaters
With Integrated Piezoresistive Sensing

Jungchul Lee and William P. King

Abstract—This paper presents the design, fabrication, and
characterization of improved all-silicon microcantilever heaters
with integrated piezoresistive sensing. The fabricated micro-
cantilever heaters with piezoresistors are made solely from
single crystal silicon with selective doping. Detailed character-
ization was performed to test the devices’ electrical, thermal,
and mechanical properties. The performance of and crosstalk
between heater and piezoresistor elements were thoroughly tested.
The resistive heater could reach temperatures of > 600 °C,
and its temperature coefficient of electrical resistance was
(2.01 £ 0.04) x 1073 Q/Q - °C. When biased at 2 V in a
Wheatstone bridge, the deflection sensitivity of the piezo-
resistor was (4.25 + 0.05) X 10~% V/V . um and remarkably,
the heater circuit had a measurable deflection sensitivity of
(7.9 +0.5) x 1073 V/V . um. Both the piezoresistor and the
resistive heater were interfaced with a commercial atomic force
microscope system to measure their sensitivities during topogra-
phy imaging. The sensitivity of the thermal reading was much
greater than that of piezoresistive reading. Noise-limited resolu-
tion of thermal reading was better than 0.46 4 0.03 nm/+/Hz

and piezoresistive reading was better than 3.4 + 0.4 nm/ vHz.
This is the first experimental comparison between thermal and
piezoresistive topographic sensing, both of which can replace
optical lever sensing. Four cantilevers in an array demon-
strated parallel topographic sensing with both the heater and the
piezoresistor. [2007-0107]

Index Terms—Atomic force microscopy, cantilever array,
crosstalk, heated cantilever, heating, microelectromechanical
devices, micromachining, piezoresistive reading, piezoresistor,
strain, temperature, thermal reading.

I. INTRODUCTION

ICROCANTILEVERS have shown versatility in various

applications ranging from scanning probe microscopy
(SPM) to bio/chemical sensing. Single microcantilevers are
capable of subnanometer topographic resolution in SPM [1]
and femtogram adsorption/desorption detection in bio/chemical
sensing [2]. A common requirement in microcantilever appli-
cations is array parallelization to increase throughput or to
test many analytes simultaneously. Array operation may also
offer differential measurements that could cancel unwanted
measurement artifacts.
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Microcantilever probe arrays have been used in data storage
[3]-[7], nanolithography [8], [9], parallel imaging [10], and
force spectroscopy in life science applications [11]. Arrays
having up to 64 x 64 microcantilevers with integrated heaters
have been used to demonstrate probe-based data storage
[12]. Each cantilever enabled writing, reading, and erasing of
nanoscale indents on soft polymeric media [13]. A 100 x 100
array of thermopiezoelectric microcantilevers has been reported
with further improved data bit density [14]. A multifunctional
microcantilever probe array has been developed for nanoscale
patterning and imaging using dip-pen nanolithography (DPN)
and scanning probe contact printing [9]. A 2-D array having
55000 cantilevers in 1 cm? was fabricated to achieve extremely
large area DPN [15]. This is the highest density and largest
number of cantilevers ever reported. A 4 x 4 array of piezo-
resistive microcantilever probes was specifically designed and
fabricated to image biological cells in a buffer solution and to
perform force spectroscopy measurements on cells [11].

Another application of microcantilever arrays is bio/
chemical sensing where physisorption or chemisorption pro-
cesses are transduced into mechanical responses [16]. In
contrast to microcantilever probe arrays for imaging, these
microcantilever arrays often operate far away from any sub-
strate and do not require a tip. A 1 x 8 array of microcantilevers
with selective coatings has been applied as an artificial nose
to recognize and characterize alcohol vapors either in a static
mode [17] or in a dynamic mode [18]. Besides, gas sensing,
the same platform was introduced to investigate deoxyribonu-
cleic acid (DNA) hybridization [16], antibody-antigen interac-
tion [19], [20], and two different DNA-binding proteins [21].
Recently, a 2-D multiplexed array having 480 SiN/Au micro-
cantilevers was fabricated to detect thermally induced phase
transitions and stability of DNA [22].

Without regard to application, a major issue for the canti-
lever array operation is deflection sensing of each individual
cantilever. For small arrays, optical sensing such as vertical-
cavity surface-emitting lasers can be used [17], [18], [21]. How-
ever, having a large number of microcantilevers in the array
requires integrated deflection sensing schemes, such as piezo-
electric sensing [14], piezoresistive sensing [23], and capacitive
sensing [24]. Among them, piezoresistive sensing has been
widely used mainly because of the high sensitivity and ease
of fabrication and implementation. Piezoresistive sensing has
been shown to be very sensitive with subnanometer minimum
detectable deflection [25] and can be used in both static and
dynamic modes for bio/chemical sensing.

A thermal element fabricated into the cantilever permits
detection of topographical features in data storage [26]. The

1057-7157/$25.00 © 2008 IEEE
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thermal detection mechanism has been thoroughly investigated
in theoretical studies [27]-[29] and has been used for quanti-
tative detection of nanometer-scale displacements [30] and for
quantitative mapping of nanotopographical features [31], [32].
It has been suggested that the thermal sensing mechanism
has a sensitivity that far exceeds that of piezoresistive sensing
[27], [31]. However, no paper has made a direct comparison of
the thermal and piezoresistive sensing mechanisms. The most
compelling experiment that could be made would be using
a cantilever having both piezoresistor and thermal elements.
Microcantilevers having both a resistive microheater and a
piezoresistor have been fabricated for data storage [3], [33] as
well as calorimetry and mass detection [34]. These previous
publications focused on cantilever fabrication and operation,
but did not focus on detailed characterization of the cantilever
heater and piezoresistor elements. From these papers, it is not
possible to support or refute claims about the relative sensitivity
of thermal versus piezoresistive sensing. The lack of a com-
prehensive characterization limits the development of similar
cantilevers.

Microcantilevers having both heaters and piezoresistive
sensors would be useful in a number of applications. One
example is thermal nanomanufacturing [35], [36] where the tip
heating would perform writing, but piezoresistive topography
sensing would be preferred in the presence of a thermally
reactive substrate. A second example is topography sensing
where cantilever heating could be used to perform local ma-
terials synthesis [37], chemical reaction [38], or to clean the
tip [39], [40]. Finally, such a cantilever could be used to sense
temperature-sensitive biochemical binding events [22], [41].

This paper describes the design, fabrication, and character-
ization of a small array of microcantilever heaters with inte-
grated piezoresistors. The heater and piezoresistor devices are
thoroughly characterized during individual and simultaneous
operation. This paper aims to thoroughly understand the links
between cantilever design, fabrication, and performance, and to
measure the relative performance of the heater and piezoresis-
tive elements.

II. DESIGN, SIMULATION, AND FABRICATION
A. Microcantilever Array Design

The design of the cantilever array is based on the silicon
microcantilever heater reported in [42]. Fig. 1 shows the canti-
lever design, in which each cantilever has four legs. The two
outer legs are highly doped to act as electrical leads to the re-
sistive heater near the cantilever free end and the two inner legs
will be used to define piezoresistors. Previous microcantilevers
having both resistive heaters and piezoresistive sensors [3], [33]
employed metal traces for carrying current. These metal traces
placed limits on the device performance, including thermo-
mechanical bending, temperature limits, and electromigration
when the leads carried high current density. Here, we use doped
silicon for the current-carrying traces as well as for the active
heater and piezoresistive elements. By placing metal to doped
silicon contacts far away from the hot spot, temperature at
contacts can be greatly reduced. For a given current density

( a) Heater (n-type)
¢ Legs (n-type)

Fig. 1. (a) Single cantilever showing different doping regions for the heater,
legs, and the piezoresistor. (b) Design of 1 X 4 array of microcantilever heaters
with integrated piezoresistors and dimensions for an individual cantilever in
micrometers.

(J), when temperature (T) at silicon to aluminum contacts is
lowered from 400 K to 300 K, mean time to failure (MTF) given
by [43]

1 Ea
MTF x —; — 1
X 73 €Xp (kBT> (1

can be improved by about a factor of 3300 where Ej is
the activation energy of 0.84 eV for well-ordered and large-
grained aluminum films [43] and kg is the Boltzmann constant.
There are additional advantages using doped silicon current
traces over metal traces on cantilevers. Since the melting point
of silicon is much higher than that of frequently used metal
as interconnects—for example, melting points of silicon and
aluminum are 1412 °C and 660 °C, respectively—the tempera-
ture range for device operation can be significantly extended
beyond 1000 °C. Therefore, higher current density can be
accommodated at temperatures higher than the melting point of
the metal without electromigration failure. While the packaged
cantilever would not be able to operate in environments where
the temperature exceeded the limits of the package or the
metal-semiconductor junction, the local maximum temperature
in the cantilever heater can far exceed these limits. By moving
the metal-semiconductor junction away from the cantilever
heater, the cantilever heater can reach higher temperatures than
in some previous designs. Moreover, metals have a far different
coefficient of thermal expansion (CTE) than silicon. It would be
better not to use metals on cantilevers unless vertical bimorph
actuation is required. For cantilevers using high-doped silicon
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as current traces, no observable thermomechanical bending has
been reported since CTE of the doped silicon layer is similar to
that of intrinsic silicon. However, thermal bimorph bending (d)
of cantilevers with metal current traces given by [44]

3E1E2t1t2(t1 + t2)l2(a1 — Ozg)AT

(Elt%)2 + (Egt%)z + 2FE 1 Eotqts (275% + 3ttty + Qt%)
(2

could range from a few micrometers to several tens of mi-
crometers for typical cantilever dimension and temperature
range of our interest, where ¢ is layer thickness, [ is cantilever
length, E is elastic modulus, « is CTE, AT is temperature
change, and subscripts 1 and 2 denote metal current trace and
silicon device layer.

The U-shaped cantilever is used to achieve thermal isolation
between the heater and the piezoresistor. In addition, U-shaped
design cantilevers have shown better performance in piezoresis-
tive sensing than rectangular ones [45]. The length of the inner
legs, which is equivalent to that of the piezoresistor, is chosen to
be about 0.4 of the overall cantilever length, which is a design
criterion that optimizes both resolution and sensitivity [46].
The clamped base is the preferred site for the piezoresistors to
maximize deflection sensitivity. Fig. 1 shows the design of the
microcantilever, the different dopant species and regions for the
heater and the piezoresistor, and dimensions for an individual
cantilever. To dope the active silicon elements, phosphorus was
chosen for the heater and the two outer legs because phosphorus
has a lower resistivity than boron at a given doping concen-
tration [47]. However, boron was chosen for the piezoresistor
to construct p-n junctions between the inner and the outer legs
thus preventing electrical crosstalk between the heater and the
piezoresistor. Similar approaches to minimize crosstalk have
been reported using p-n junctions in two different directional
piezoresistive elements [48] and Schottky diodes between each
cantilevers in a cantilever array [5], [7]. In addition, boron has
a higher piezoresistive coefficient than phosphorus in the (110)
crystal direction.

B. Mechanical and Electrical Simulation

Because of the complex cantilever geometry, finite element
simulation was required to obtain resonance frequency and
spring constant. The finite element simulations allowed us
to find appropriate analytical expressions of cantilever me-
chanical properties, which in turn allowed detailed design. To
this end, static and eigenfrequency analyses in FEMLAB 3.1
(a finite element package, COMSOL, Inc.) were employed. Due
to the complex cantilever geometry, the simulated resonance
frequency and spring constant were not directly proportional
to the cantilever thickness (¢) and its third power, respectively.
However, plane view dimensions such as width and length are
fixed; simulated resonance frequency (fy) and spring constant
(k) can be fitted with appropriate polynomials of cantilever
thickness.

fo(t) [kHz] = 0.534 + 25.688t 3)
Ek(t) [N/m] = — 3.306 + 3.299t — 1.088t% + 0.204t>  (4)

where thickness unit is micrometers and thickness ranges from
0.5 to 3.5 pum. The cantilever thickness can thus be easily
estimated from (3) or (4) once either the resonance frequency or
the spring constant is measured. To relate resonance frequency
with spring constant, the microcantilever structure can be
modeled as a simple harmonic oscillator, although the canti-
lever mass should be corrected. This corrected mass is often
referred to as effective mass (mes). The resonance frequency
of the microcantilever is

oL 1 [k )
27\ meg 2wV Cm
where m is the cantilever mass and C), is the correction
factor. For example, the effective mass of a simple rectangular
cantilever is 24% of the total mass. For the present cantilever,
finite element simulations provide a correction factor of 0.148.
These mechanical modeling facilitates cantilever calibration.

The microcantilever arrays are made of doped single crys-
talline silicon. To design doped silicon devices, it is important to
estimate the resistivity and device resistance after implantation
and diffusion since thermophysical properties and heating char-
acteristics of doped silicon devices strongly depend upon local
resistivity. Furthermore, the performance of a piezoresistor
depends upon both doping concentration and the distribution
of dopants in the silicon layer [46], [49]. To introduce dopants
into the device layer in the microcantilever array, ion implan-
tation was chosen over diffusion since implantation is a low-
temperature process and offers more precise doping control.
Since single crystalline silicon is the starting material, the intro-
duction of a 7° wafer tilt angle during implantation prevents ion
channeling such that the Gaussian distribution well describes
doping profiles after implantation.

The implant energy, dose, and subsequent diffusion time
were selected using a 1-D dopant diffusion simulator. The
developed simulator incorporates both intrinsic and extrinsic
diffusion to solve a diffusion equation described by Fick’s first
and second laws numerically. When the doping concentration
is less than the intrinsic carrier concentration at diffusion
temperature, diffusivity is independent of local doping con-
centration (intrinsic diffusion). However, diffusivity becomes
concentration-dependent when the doping concentration ex-
ceeds the intrinsic carrier concentration (extrinsic diffusion).
After local doping concentration was obtained from the diffu-
sion simulation, the local electrical resistivity was calculated
by p=1/[q(unN + p,P)] where ¢ is the electron charge
and fi, and p, are electron and hole mobility, respectively.
Bulk mobility models for electron and hole were adopted from
[50]. Finally, calculated local resistivity was used to calcu-
late device resistance per unit length using a parallel resistor
network [51] and the actual device resistance was obtained
considering the finalized geometry of the device. A commercial
dopant diffusion simulator (SUPREME3) was used to check
the results, and there was very close agreement between our
simulation and the predictions of the commercial software.
Fig. 2 shows predicted doping concentration and resistivity of
low-doped phosphorus, high-doped phosphorus, and medium-
doped boron that are obtained from the developed simulation.
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Fig. 2. (a) Simulated doping concentration of low-doped phosphorus, high-
doped phosphorus, and medium-doped boron after implantation and postdif-
fusion. (b) Resistivity after implantation and postdiffusion. P and B indicate
phosphorus and boron, respectively, and subscripts H, M, and L denote high,
intermediate, and low doping, respectively.

Simulated device resistances are compared with measurements
in a following section.

C. Microcantilever Array Fabrication

Fig. 3 shows the seven major fabrication steps to make the
microcantilever array. The fabrication process starts with an
n-type silicon-on-insulator wafer of orientation (100), where
the silicon device layer is 5 pm, the buried oxide layer is
1 pm, and the silicon handle layer is 500 pum. Background
doping in the device layer is 1 x 10*® cm™2 with a resistivity
of approximately 4 ) - cm. The first step was to define a probe
tip via dry isotropic silicon etch followed by oxidation sharp-
ening. Then, photolithography patterned negative photoresist
(Futurrex NR7-1500) to define the cantilever structures. A
Bosch process using inductively coupled plasma (ICP) etched
the patterned window all the way through the device layer
until the buried oxide layer was fully exposed. After the probe
tip and beam structures were defined in the device layer,
three implantation steps were performed with hard-baked posi-
tive photoresist (Shipley 1827) as a mask for ion implanta-
tion. The first implantation doped the heater region near the
free end with 2.51 x 10'3 cm™2 of phosphorous at 200 keV.

A postdiffusion step was performed for 6 h at 1000 °C
in the furnace to distribute the implanted dopant uniformly.
The second implantation step doped the two outer legs with
2.51 x 10'6 cm~2 of phosphorous at 200 keV and a postdiffu-
sion step was performed for 2 h at 1000 °C in the furnace. The
two implantations finalized the n-type resistive heater. The final
implantation defined the piezoresistor in the two inner legs with
2 x 10 cm~? of boron at 30 keV. The implanted boron was
annealed for 20 min at 1000 °C in a rapid thermal processing
chamber. After metallization and lift-off to define aluminum-
doped silicon contacts, the backside of the handle wafer was
etched using ICP until the buried oxide layer was exposed. The
cantilever arrays were finally released by a 30 s dip in 49%
hydrofluoric acid.

Arrays were batch-fabricated with 90% yield so that 200
fully functional arrays were extracted from a 100-mm wafer.
Fig. 4(a) and (b) shows scanning electron micrographs (SEMs)
of the fabricated microcantilever array. The inset in Fig. 4(a)
shows the probe tip near the low-doped resistive heater.
Fig. 4(c) shows a custom printed circuit board (PCB) to mount
the array chip and a flexible ribbon cable for the electrical con-
nection to the power supply and front end of data acquisition.

III. CHARACTERIZATION
A. Single Cantilever Characterization

After the array fabrication, individual microcantilever char-
acterization was performed following the characterization tech-
niques described in [42]. For the electrical testing, the cantilever
was configured in series with precision 1 and 10 £ power
resistors for the heater and piezoresistor, respectively. The
cantilever was excited with dc voltage to investigate steady state
responses. Fig. 5(a) shows the dc response of the heater defined
near the free end and connected through the two outer highly
conductive legs, which is typical of heated cantilevers [5], [42],
[52], [53]. The critical power, P, at which the temperature
coefficient of resistance (TCR) changes from positive to neg-
ative was 18 mW and the corresponding critical temperature,
Terit, was 560 °C. The TCR changes signs due to thermal
runaway in the doped silicon, which is well understood for
microcantilever heaters [42]. Fig. 5(b) shows the dc response
of the p-type piezoresistor defined in the two inner legs. Tem-
perature data were collected using Raman spectroscopy as ex-
plained in detail in [42], [54], and [55]. Fig. 5(c) and (d) shows
the comparison of the normalized electrical resistances of the
heater and the piezoresistor as functions of power dissipation
and maximum temperature in each doped resistor, respectively.
From Fig. 5(d), the TCR of the doped resistor was obtained. The
TCR of the heater was (2.01 £ 0.04) x 1073 Q/ - °C and the
TCR of the piezoresistor was (8.3 £0.4) x 107* Q/Q - °C.
The higher TCR in the heater is mainly due to its lower doping
level, but also due to the different dopant type.

To test electrical crosstalk between the heater and the
piezoresistor, two legs on the left or right were connected to
a dc power (see inset in Fig. 6), and diode characteristics of
the p-n junction were measured. Fig. 6 shows measured I-V’
characteristics of the p-n junction between one leg for the
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Seven major fabrication steps to make the microcantilever heater array. (a) Tip/Beam. (b) Low dose implantation for heater/diffusion. (c) High dose

implantation for heater legs/diffusion. (d) Intermediate dose implanatation for piezoresistors anneal (RTP). (e) Contact/Metallization. (f) Backside thru wafer etch.

(g) Final device release.

heater and one leg for the piezoresistor for both forward and
reverse bias. The on voltage (forward voltage drop) around
0.6 V is appropriate for a silicon p-n junction diode [56]. The
breakdown voltage is around —10.5 V. However, there also exist
Schottky barrier diodes and contact resistances between metal
and doped silicon so that the measured /-V characteristics
cannot be simply expressed with an equivalent circuit of a p-n
junction diode. When it is inevitable to have a voltage potential
between two adjacent legs making a p-n junction (cross voltage
potential), the bias direction needs to be determined carefully to
minimize electrical crosstalk. Possible current leakages depend
on the bias direction with the same cross voltage potentials. For
example, the current flow could be only 3 p A for reverse bias or
as high as 0.698 mA for forward bias with 3 V cross potential.

To test thermal crosstalk and to visualize the temperature
field in the cantilever, the temperature distribution both in
the heater and in the piezoresistor was investigated using IR
microscopy (Infrascope II, Quantum Focus Instruments). Prior
to temperature measurements, local emmissivity for each pixel
was obtained from reference radiance calibration. Then, 50
measurements were made at about 1 Hz and averaged. A more
detailed description of the experimental procedure can be found
in [57]. Fig. 7 shows temperature distributions when the heater
and the piezoresistor were heated to 5 mW, either individually
or simultaneously. The apparent asymmetric temperature dis-
tribution and hot spot offsetting from the free end are due to
intrinsic artifacts and spatial resolution limits in the IR setup.
The Raman measurements provided accurate local temperature
measurements. The additional 5 mW in the piezoresistor ele-
vates the average temperature in the conductive legs but does
not affect the maximum heater temperature since the heat gen-
erated in the piezoresistor is mostly dissipated into the adjacent
air and the silicon handle. Only a small portion of this heat is
directed to the free end of the cantilever. Despite the average
temperature rise in the conductive legs, piezoresistive heating

Fig. 4. (a)and (b) SEM images of the fabricated array chip. Inset in (a) shows
the sharp tip near the low-doped resistive heater. (c) Custom PCB and flexible
ribbon cable to mount an array chip and make electrical connections. Inset
shows a wire-bonded array chip.
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For practical uses, the power dissipation in the piezoresistor
will be less than 1 mW so that the heater temperature can be
maintained regardless of the piezoresistor operation. However,
temperature rise in the piezoresistor due to the heater operation

Fig. 7.

IR micrographs with 5-mW power dissipation in the piezoresistor,

5-mW power dissipation in the heater, and 5-mW power dissipation in both

the piezoresistor and the heater.
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might not be negligible since high temperature heater operation
is often required. For such cases, switching operation between
two elements is recommended. This crosstalk could be further
suppressed by integrating a dielectric material between the two
elements, which would provide increased thermal and electrical
resistance. However, the presence of the dielectric would prob-
ably induce thermomechanical bending in the cantilever.

The most important characteristic for the piezoresistive ele-
ment is deflection sensitivity. To test the piezoresistor, a preci-
sion three-axis microstage having 50 nm minimum increments
was incorporated with a tungsten needle probe, a three-axis
coarse manual stage, and a charge-coupled device (CCD) cam-
era. The setup was similar to that used in [58]. While the needle
probe deflected the microcantilever tip, resistance changes were
recorded. The cantilever was mounted in a Wheatstone bridge.
Since light intensity can change the resistance of the doped
silicon, the intensity of the coaxial light source for the CCD
was fixed during deflection sensitivity measurements.

The deflection sensitivities of the heater and the piezoresistor
were measured, first under independent and then combined op-
eration. Fig. 8(a) shows the voltage change in the piezoresistor
as a function of the tip deflection where the applied voltage
to the Wheatstone bridge was 2 V. When the piezoresistor
was operated alone, its deflection sensitivity was (4.25 +
0.05) x 10~* V/V - um, which corresponded to a AR/R - ym

sensitivity of (17.0 +0.2) x 10~*. Since both the mechanical
properties of the microcantilever and the piezoresistivity of the
doped silicon can be modulated upon heating, it is important
to understand the piezoresistor deflection sensitivity while the
resistive heater is powered. Fig. 8(a) and (b) shows that the de-
flection sensitivity decreases as power dissipation in the heater
increases. When the piezoresistor temperature increases due to
the power input in the heater, the piezoresistive coefficients
decrease [59]. In addition, the elastic modulus of the silicon de-
creases upon heating so that the cantilever becomes softer. For
a given deflection, the soft cantilever will experience less stress
change than the stiff cantilever. These two effects are combined
and decrease the deflection sensitivity of the piezoresistor upon
heating. Heating affects not only the deflection sensitivity but
also the offset in the voltage output from the bridge. To measure
the voltage offset upon heating, the tungsten needle probe was
brought into contact with the microcantilever probe tip and
the Wheatstone bridge was tuned to give zero output voltage.
Then, the resistive heater was heated with a certain power
and the voltage output from the bridge was measured without
deflection. Fig. 8(c) shows that the voltage offset from the
initially balanced Wheatstone bridge linearly increases with
power dissipation in the heater.

It is typically assumed that microcantilever heaters having
high-doped legs will have negligible piezoresistive effect [42],
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TABLE 1
SUMMARIZED BASIC CHARACTERIZATION RESULTS

Heater Piezoresistor
Measured electrical resistance (k) 0.466 + 0.005 7.65+0.04
Simulated electrical resistance (kQ) 0.57 8.60

TCR (Q/Q-°C) (2.01+0.04) x 107 (8.3 £0.4) x 10°*

Deflection sensitivity (V/V-gm) (7.9 0.5)x 107 (4.25+0.05) x 10

Spring constant (N/m) 23+0.2
Resonance frequency (kHz) 73.0+£0.7
Quality factor 118+9

since high-doped silicon has very low piezoresistivity [59]. In
addition to low piezoresistivity in the high-doped legs, resis-
tance in the legs which is 10% of the overall cantilever resis-
tance at most [60], further suppresses the cantilever resistance
change attributed to the cantilever deflection. If the cantilever
leg resistance is negligible, the cantilever electrical resistance is
dominated by temperature modulation. Little, if any, effort has
been made to measure deflection sensitivity of microcantilever
heaters while their vertical displacement sensitivity has been
thoroughly investigated [29], [30]. The cantilever heater was
configured in a second Wheatstone bridge set to 2 V and, the
voltage output was measured, which is shown in Fig. 8(d).
The deflection sensitivity of the heater obtained from the linear
fit was (7.9 £ 0.5) x 1075 V/V - ym, which corresponded to a
AR/R - um sensitivity of (3.2 4 0.2) x 1074,

Table I summarizes basic characterization results and
includes simulated electrical resistances which show good
agreement with the measurement. Characterized mechanical
properties such as spring constant, resonance frequency, and
quality factor are also included in Table 1.

B. Cantilever Topography Reading

It is expected that the piezoresistor deflection sensitivity
will be the same for either a point deflection measurement or
topography reading, since the piezoresistor is a strain sensor.
The thermal signal from the cantilever heater can be used
for topography mapping by measuring thermal conductance
between the cantilever to the substrate [31], [32]. It is expected
that the heater topography sensitivity will be much different
from the heater deflection sensitivity. To test the topography
sensitivity of the piezoresistor and the heater, the cantilever
array was mounted in a commercial atomic force microscope
(AFM) system (MFP-3D, Asylum research) to scan a calibra-
tion grating. The silicon grating had 200 nm mesas that were
evenly spaced. The two Wheatstone bridges were interfaced
with data acquisition inputs into the AFM controller.

When the cantilever deflected against the calibration grating,
the resistance of the piezoresistor changes and this unbal-
anced the Wheatstone bridge configured for the piezoresistor
(piezoresistive reading). When the gap distance between the
cantilever heater and the substrate changed, the thermal re-
sistance from the cantilever to the substrate was modulated.

This modulation changed the cantilever temperature which
was transduced into the voltage signal from the Wheatstone
bridge configured for the heater (thermal reading). This thermal
reading concept originates from thermomechanical data storage
research [26] and detailed demonstrations in contact mode [31]
and tapping mode [32] have recently been reported. Theoretical
and experimental studies have been published to compare the
sensitivity of piezoresistive and thermal sensing. However,
previous work employed two similarly sized cantilevers that
have either resistive heaters or piezoresistors in simulations [27]
or experimented only on thermal reading, and then compared its
sensitivity to previously reported sensitivities for piezoresistive
reading [31]. The most relevant comparison could be performed
on the same cantilever which enables both thermal and piezo-
resistive reading but this has not been reported.

While the cantilever scanned the grating with the
proportional-integral feedback loop turned off (constant height
mode or deflection mode), either the piezoresistive reading
or the thermal reading was recorded. Fig. 9 shows the
piezoresistive reading and the thermal reading when the bias
voltages to each Wheatstone bridge were 4 and 5 V. The scan
area was 30 x 30 qu, the scan rate was 1 Hz (1 scan line/s),
and each frame had an image resolution of 256 x 256 pixels.
When one doped resistor, either the piezoresistor or the heater,
was powered, the other one was not used. The images on the
left show filtered piezoresistive readings with 42.3 Hz cutoff
frequency and 20 dB output gain. The images on the right show
unfiltered thermal readings. When the same bias voltages were
used, the signal was too low to be measured with our electronics
and so the piezoresistor readings were filtered and amplified,
although the cutoff frequency of 42.3 Hz could distort the sig-
nals. In contrast, thermal readings were sensitive enough not to
require filtering or amplification. Piezoresistive signals linearly
increased with the bias voltage to the Wheatstone bridge and the
measured topography sensitivity was approximately (2.57 +
0.05) x 10=7 V/V - nm when the bias voltage was less than
6 V. The thermal topography sensing was much more sensitive
than the piezoresistive sensing, as expected from previous
publications [27], [31]. Thermal reading sensitivity ranged
from (1.00 4 0.05) x 107% to (5.89 4 0.04) x 107¢ V/V - nm
when the bias voltage changed from 3 to 6 V.

After the independent operation of each doped resistor was
performed, both the piezoresistor and the heater were powered
simultaneously when the cantilever scanned the same calibra-
tion grating. Fig. 10 shows the piezoresistive reading and the
thermal reading when the bias voltages to each Wheatstone
bridge were 4 and 5 V. The other scanning parameters re-
mained unchanged. Again, the images on the left show filtered
and amplified piezoresistive readings and the images on the
right show unfiltered thermal readings. Thermal readings were
similar and comparable to the results from the independent
operation since the additional heating from the piezoresistor
would not affect the resistive heater temperature. However,
the piezoresistive readings were significantly different to the
results in independent operation (Fig. 9). Their signals showed
steep increase with the bias voltage so that the topography
sensitivity was not constant any more. Moreover, the sensitivity
increased rather than decreased with the bias voltage. This is
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counterintuitive since Fig. 8 confirmed that the deflection sensi-
tivity of the piezoresistor decreases as power dissipation in the
heater increases. As mentioned above, the laser optical feed-
back was turned off during the scanning so that the cantilever
deflection or contact force could not be controlled. Thus, the
gap distance between the cantilever legs and the substrate may
have varied significantly. When the power dissipation in the
heater is sufficiently high enough to increase the temperature
of the piezoresistor, the temperature change in the piezoresistor
due to the gap distance modulation could be significant. The
temperature change in the piezoresistor unbalances the Wheat-
stone bridge and signal because the temperature modulation ex-
ceeds the signal due to mechanical deflection. This is the most
probable explanation for the enhanced piezoresistive readings
when both the piezoresistor and the heater are powered. To
confirm this, one cantilever in the array scanned the grating
in a constant force mode with optical feedback while both the
piezoresistor and the heater were powered. Output from the
piezoresistor was similar in magnitude to results in Fig. 10 and
increased with the bias voltage. Since there was no additional
strain in the piezoresistor after the cantilever engaged the

grating in a constant force mode, output from the piezoresistor
was only due to its temperature modulation via air gap change
during scanning.

Fig. 11 summarizes the topography sensitivity results for
comparison between the piezoresistive reading and the thermal
reading for both independent and combined operation. Even
though the piezoresistor was designed to transduce mechanical
strain into a measurable electrical signal, it could be better to
use it as a thermal displacement sensor when the temperature
of the piezoresistor is sufficiently high. Interestingly, the topog-
raphy sensitivity of the piezoresistive reading might exceed that
of the thermal reading at bias voltages above 6 V. Since we have
fully characterized the heater and the piezoresistor for both in-
dependent and combined operation, both elements can be used
simultaneously even though this is not our primary interest.
Temperature rise in the piezoresistors during heater operation
cannot be circumvented so that higher doping concentration
for piezoresistors is recommended to reduce temperature de-
pendence of piezoresistive coefficients for applications requir-
ing simultaneous heater and piezoresistor operation. However,
higher doping results in reduced piezoresistive coefficients.
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Fig. 11. Topography sensitivity comparison between piezoresistive reading
and thermal reading for both independent and combined operation.

Noise measurements were performed for both the piezo-
resistor and the heater using a low noise preamplifier (SR560,
Stanford research systems) and a spectrum analyzer (SR770,

Stanford research systems). Using measured noise spectra
and topographic sensitivities, noise-limited resolutions were
directly calculated (Resolution = Noise/Sensitivity). Table II
summarizes sensitivity, noise, and resolution for tested bias
voltages. Thermal reading is superior to piezoresistive reading
in terms of minimum detectable topographic change. With
3 V bias to each Wheatstone bridge, noise-limited resolutions
of thermal reading and piezoresistive reading were 0.46 & 0.03
and 3.4 + 0.4 nm/ v/Hz, respectively. Resolution was improved
as the bias voltage increased since sensitivity enhancement
far exceeded noise increase for the voltage range tested. It
is expected that resolution would be constant or reduced at
higher bias voltages. The comparison is not necessarily a fair
one due to their differences in sensing mechanism, size, resis-
tance, and power consumption. Nevertheless, thermal reading
senses the change in displacement but piezoresistive read-
ing senses the change in cantilever deflection. Thus, thermal
reading is applicable without contact to the substrate while
piezoresistive reading is only possible with contact to the
substrate.
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TABLE 1I
SENSITIVITY, NOISE, AND RESOLUTION OF THE HEATER AND THE PIEZORESISTOR DURING INDEPENDENT OPERATION

3V 4V 5V 6V
?;Isl/t;‘l’g 3.0402 8402 185402 354402
Noise
Heater (,UV/\/E) 1.39+0.07 1.64 +0.08 1.80 + 0.09 2.1+0.1
Resolution
(nm/\/ﬁ) 0.46 +0.03 0.19+£0.01  0.097+0.005 0.058+0.003
Sensitivity

0.77 £0.02 1.09+£0.02 1.25+0.03 1.50 +0.02
(v [nm)
Noise

Piezoresistor v (II 2.7+0.3 27+03 3.0+£0.3 3.0+£0.3
(;u / Z)
34+£04 2.5+0.3 24+0.2 2 2
( / (II ) B 0. 0+£0.
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Fig. 12.  (a) Optical lever topography, (b) filtered piezoresistive reading with 20 dB gain, and (c) unfiltered thermal reading. Images on each column are obtained

from each cantilever in the given array. After obtaining optical lever topography, all four cantilevers are operated simultaneously but either the piezoresistor or the
heater in a cantilever is operated at a time with 4 V bias voltage.
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C. Array Characterization

Since all cantilevers in an array chip were fabricated ad-
jacent to each other, their dimensions including the canti-
lever thickness were more or less identical. Local variations
during fabrication was not likely to exist within the area of
one array. The most relevant array characterization would be
to scan the calibration grating using four cantilevers at the
same time.

Fig. 12 shows the topography based on scans performed
with optical reading, piezoresistive reading and thermal reading
for four cantilevers in a single array chip. Four cantilevers
were operated simultaneously but either the piezoresistor or
the heater in a cantilever was powered at a time. The bias
voltage was fixed at 4 V for both Wheatstone bridges. Before
the array chip was attached and wire-bonded to the custom
PCB, it was mounted on the dedicated cantilever holder in the
commercial AFM. This enabled topography scans employing
a laser and a photodiode. The images on the first row show
the topography data from the four cantilevers. This topography
was not necessary since the cantilevers have two additional
topography sensing mechanisms. However, the obtained four
topographic images could be used to compare the tip shape of
each cantilever. The second and third rows of the images show
results from the filtered piezoresistive reading and the unfiltered
thermal reading, respectively. The measured sensitivities for
the piezoresistive reading ranged from (1.50 £ 0.04) x 10~7
to (1.61 4 0.05) x 10~7 V/V - nm and the sensitivities for the
thermal reading ranged from (4.80 £ 0.06) x 107 to (6.00 &
0.09) x 1075 V/V - nm.

Most of the tests on the calibration grating except for the
topography relying on the optical readout contained signifi-
cant noise in their images. The major sources were 60 Hz
and its harmonics from the power electronics and laboratory
environment. More effort should follow to suppress them.
Moreover, both the piezoresistive reading and the thermal
reading were performed without any feedback control so that
their signal readouts possibly contained abnormal spikes when
the cantilever encountered a sudden change in local topog-
raphy. Since both the piezoresistive reading and the thermal
reading can be used for a feedback loop, it is recommended
to construct a feedback control to eliminate the parasitic
spikes and also prevent mechanical wear problems of the
probe tip.

IV. SUMMARY AND CONCLUSION

This paper describes the design, fabrication, and characteri-
zation of improved all-silicon microcantilever heaters with inte-
grated piezoresistors. Instead of using metal traces, only doped
silicon was used to suppress parasitic bending and prevent elec-
tromigration upon heating. Electrical and thermal crosstalks
between the heater and the piezoresistor were thoroughly inves-
tigated and sensitivity comparison for the two topographic sen-
sors embedded in a single cantilever was demonstrated for the
first time. The fabricated microcantilevers exhibited successful
integration of a resistive heater with a piezoresistive element in
each cantilever and four cantilevers were arrayed for parallel

operations. In addition to individual cantilever characterization,
array characterization was also performed on a calibration
grating. The fabricated microcantilever array will be applicable
to parallel scanning probe lithography and force spectroscopy.
A compact customized AFM system could be constructed
with either the heater or the piezoresistor. The results ob-
tained in this paper will give guidelines for the fabrication
and integration of large 1-D or 2-D arrays of multifunctional
microcantilevers.
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